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Stopped-flow kinetic studies of a HSX—Mn—SalophOMe (1) catalyst that the G-O bond heterolysis in catalase model systems is

provide spectroscopic evidence for the direct generation of a facile and consequently requires little assistance from distal
manganese(V) oxo salophen from a manganese(lll) perbenzoate. acid—base functionalities. _ _
The 0-0 bond heterolysis reaction that produces the oxo is not We have successfully captured the active site of catalase

enzymes by designing synthetic Hangman constructs that
precisely position an aciebase functionality from a xanthene
spacer over the face of porphy#if® and salopheh redox
cofactors. In these systems, the distal function of the enzymes
is faithfully modeled by the acidbase hanging grouls®*©
thus allowing us to compare the chemistry of model catalase
at the manganese(V) oxo center. systems to their biological counterparts. In this Communica-
tion, we provide direct spectroscopic evidence for the
production of manganese(V) oxo upor-O bond heterolysis
at the Hangman salophen platform. This intermediate is often
cited as the active catalyst in motfeind enzymatic systems,
but its characterization heretofore has remained elusife.
In accordance with theoretical predictions of the salen
catalase modefs]the stopped-flow results show that the rate
for production of the high-valent oxo at the salen platform
catalase is independent of the distal aeithase functional group.
2H0,——2H,0+ 0, @ Stopped-flow kinetic experiments on a HSKin''—
SalophOMe 1) catalyst (Chart 1) were performed using
The key step of this reaction involves the activation of the m-CPBA as the O atom source:CPBA allows us to arrest
O—0 bond of HO; by heterolysis to produce the high-valent the catalase cycle and detect intermediates at the Hangman
metal oxo species. Mutagenesis studies ef@activating  salophen platform. The initial stage of the reaction after the
enzymes establish that acibase amino acids on the distal addition ofm-CPBA to1 is characterized by small changes
side of the redox cofactor perturb activity by affecting-O in the stopped-flow UV-vis spectrum (shown in Figure S3
bond heterolysi8.In contrast, theoretical analy$ispredicts of the Supporting Information), suggesting a simple ligand
substitution by the perbenzoate at the 'Muenter. This
'substitution reaction was modeled by the addition of benzoic

facilitated by intramolecular proton transfer from the acid hanging
group of the HSX platform. Instead, the hanging group stabilizes
the catalyst against oxidative degradation and, consistent with
recent predictions of theory, is geometrically matched to promote
the end-on coordination of a H,0, substrate prior to its oxidation

Proton-coupled electron transfer (PCET) is a fundamental
process that is involved in a number of important small-
molecule bond-making and bond-breaking catalysis in
naturel~® One such reaction is the disproportionation of
H,0,, which is accomplished by catalase enzyhtesemove
cytotoxic HO, according to the following equation:
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Table 1. Rates of Formation of Manganese(V) Oxo Intermediates and
Their Decay for a Series of MaSalophen Complexés

entry Mn complex ki (s79) ko (s71)
1  HSX—Mn—SalophOMe{) 2.3+ 0.6x 102 3.6+ 0.3x 1073
2 EHSX-Mn—SalophOMe?) 2.8+ 0.8x 102 2.5+ 0.3x 1073
3 Mn—SalophOMe B) 21+05x 102 4.1+ 0.3x 1073
4 HSX-Mn—SalophOMe{) 2.9+ 0.6x 102 5.5+ 0.5x 1073

; ; ; ; a Rate constants determined with global analysis usinga B — C
F 1. Ab t ctra obtained from spectral global analysis . T A : :
O;g;;foppeﬁowsrggit'ﬁ,?] f)rf]ilg 105 M 1 and 3_3f 10-4 l\/?m-CPBA 4 kinetic model. All reactions at-20 °C in 1:1 MeOH/MeCN with [Mr']
in 1:1 MeOH/MeCN at—20 °C. Formation of manganese(V) oxo (green  —. 4.0 X 10° M and [m-CPBA] = 3.3 x 1074 M. P[m-CPBA] = 13 x
solid line) is immediately followed by a bleach, likely to a Mrdecay 107 M.
product (red solid line) over 800 s. (b) Calculated concentrations of the ) ) ]
colored species with respect to time by spectral global analysis. Figure 1a (green line). Although the energies of the transi-

tions are not congruent, the intensity and energy regime of

Chart 1 - . .
o the transition are consistent with the spectra dhubta-

#Bu,
o}

(L, ligand multiple bonds.
ove WP o Q/’ o Q(""* The electron-donating methoxy groups on the salophen
FB Ml*’ C:}ML platform of the manganese(V) oxo species impart sufficient
Meo,é(—"ﬂ“ Mwﬁc/a“’“ stability!” such that it is observed as a stopped-flow transient.
HSX-Mn-SalophOMe (1) EHSX-Mn-SalophOMe (2) Mn-SalophOMe (3) Notwithstanding, the reactive high-valent oxo intermediate

eventually disappears 6B00 s after m-CPMA injection,

acid tol. The benzoate substrate circumvents the possibility as evidenced by the decrease of the absorption profile across
of O—0 bond cleavage, therefore allowing the substitution the entire spectral range (36800 nm). The final spectrum,
reaction to be isolated. The small spectral shifts observedshown by the red line in Figure 1a, strongly resembles the
for perbenzoate substitution are captured with the benzoatemn!! starting material, though the product was not unequivo-
model (Figure S3b of the Supporting Information). Global cally identified.
fitting of the transient spectra indicates that ligand substitu-  The rate constants for the -@ bond heterolysis to
tion is completen 3 s at—20 °C. produce the manganese(V) oxo salophen and its subsequent

The appearance of the manganese(lll) perbenzoate comdecay were obtained from global analysis of the full-spectral
plex (Figure 1a, black dotted line) is immediately followed stopped-flow data (366700 nm). The data were best fit to
by a subsequent reaction that generates a species with tha consecutive unimolecular kinetic model in which the-A
spectrum shown by the green line in Figure 1a. The spectrumB phase represents the heterolytie-O bond cleavage to
does not depend on the nature of the oxidant; a similar furnish the manganese(V) oxo transient, and the B phase
spectrum is obtained with the same isosbestic points whencorresponds to the decay of the transient to the final'Mn
m-CPBA is replaced by the two-electron oxidant, iodosyl- species. Figure 1b illustrates the calculated concentrations
benzene. These results lead us to assign the intermediate tof each of the Mn species with respect to time according to
the manganese(V) oxo salophen produced by heterolyticthis kinetic model, and Table 1 provides the rate constants
cleavage. Several observations support this assignment. Firstfor the kinetic model.
the transient spectrum is reminiscent to that of structurally ~We note several features of the kinetic analysis: (1) Both
similar, crystallographically characterized manganese(V) oxo the growth of the Mi transient spectrum and the decay of
complexes of bis-amido bis-alkoxo redox platforthilore- the Mn" reactant are simultaneously fit well by a first-order
over, the spectral features in Figure 1a (green line) are similarexponential equation, indicating that heterolytic cleavage to
in form to those of other (nonoxo) multiply bonded man- generate manganese(V) oxo occurs without intermediates.
ganese(V) salophen ligand species. We have synthesized anthis result is consistent with the heterolysis of- O bonds
isolated the corresponding nitrido complex Mn{N§aloph- of peroxides at iron(lll) heme centers to form compound
OMe (see Supporting Information). The crystal structure of [.18-20 (2) The production of the manganese(V) oxo inter-
the compound (Figure S2 of the Supporting Information) is mediate is independent of the presence of the hanging-acid
similar to that of other manganese(V) nitrido complexes base group (entry 1 vs 3 in Table 1) or intramolecular proton
featuring a formal Mra-N triple bond g(Mn—N) = 1.523- inventory (entry 1 vs 2 in Table 1). (3) The rate of the-O
(3) A].16 The absorption spectrum of the Mrcomplex bond heterolysis appears to be independent of the initial
(Figure S1 of the Supporting Information) shows a pro- concentration of thexCPBA oxidant (entry 1 vs 4 in Table
nounced absorption band &t.x = 459 nm, similar to the
420-nm feature that dominates the absorption spectrum of(17) Feichtinger, D.; Plattner, IChem:—Eur. J. 2001 7, 591-599.

(18) Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G;
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Table 2. Turnover Number (TON) for the Catalytic Dismutation of Scheme 1
H,0, and Kinetic Stability of Methoxy-Substituted Manganese Salophen
Complexes
Mn complex yield of Q/TONa Kobs (s71)
HSX—Mn—SalophOMe 1) 4500 2.9x 104
EHSX—Mn—SalophOMe 2) 550 1.3x 1073
Mn—SalophOMe 8) 100 2.3x 1073

aYield of O, measured in TON aftel h of reaction timeP?In the
presence of 1 equiv of benzoic acid.

1) though an increase in tie-CPBA concentration results
in a slightly enhanced decay of the manganese(V) oxo
intermediate K, in entry 1 vs 4 in Table 1).

Whereas the hanging acidbase group is not manifested ) _
in O—0 bond heterolysis, the data for catalytic dismutation €nd-on assembly of 4, via a H-bonding network (Scheme
of H,0; indicate that it is crucial to catalytic turnover. As 1, B). The utility of the hanging group for the assembly of
can be seen from Table 2, high turnover numbers can pesSubstrates in the second coordination sphere of redox
achieved for the disproportionation of® at the Hangman  Platforms has been observed previously by us in the
platform 1. On the other hand, low reactivity is observed construction of a bO channel above the face of Hangman
when the carboxylic acid functionality is replaced by an ester Porphyrins? In promoting the end-on association 0f®}
or when a redox-only manganese salophen complex is usedin the Hangman pocket, the hanging group averts temporary

To address the role of the intramolecular proton inventory catalyst deactivation arising from geometrically disadvanta-
on enhancing the turnover number, we monitoteit the geous binding modes of K.
presence of kD, (30% aqueous solution in MeOH) in In summary, stopped-flow kinetic studies of the reaction
homogeneous solution conditions. The Y¥s absorption of 1 with m-CPBA give rise to spectra that are consistent
spectrum shows that the Mnstarting material gradually  with the initial rapid formation of a peracid-bound Nn
decomposes over time. Kinetic experiments show that species followed by direct generation of a high-valent
decomposition ofl is first-order with respect to the Mh manganese(V) oxo intermediate by-O bond heterolysis.
complex and KO, and zero-order with respect t®l. The ~ The use ofmCPBA as opposed to 40, as the peroxide
decomposition of the ligand may suggest homolytic @ substrate allows the reaction to be arrested afte©®ond
bond cleavage to generate radical species as a minoreterolysis, thereby allowing the manganese(V) oxo to be
competing mechanism. As shown by the rate constants inpuilt up and detected with facility. The stopped-flow kinetic
Table 2, the Hangman architecture improves the kinetic results for the production of the manganese(V) oxo are in
stability of the salophen catalyst against oxidative degradationaccordance with recent theoretical predictions that a distal
by ~1 order of magnitude. This increased stability accounts group on a salen/salophen model is not needed fePO
for the higher turnover numbers listed in Table 2 for the pond cleavage. The role of the hanging group is to stabilize

Hangman salophen system. the catalyst against oxidative degradation and potentially to
Our mechanistic results concur with recent density func- promote the end-on assembly of,® above the redox
tional theory predictions for the disproportionation of0d platform for its subsequent oxidation by the manganese(V)

by manganese-salen-derived catal§$tShe calculated reac-  oxo. Current studies are focused on directly probing the effect
tion pathway is illustrated in Scheme 1. Coordination §dH  of the distal hanging group on the substrate assembly within

to Mn'! is followed by heterolytic G-O bond cleavage to  the Hangman cleft of the HSXMn—SalophOMe catalysts.
furnish a high-valent manganese(V) oxo intermediate. PCET
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